There has been intense investigation regarding the interaction between the phosphatase and tensin homologue deleted on chromosome 10 (PTEN) and p53 tumor suppressors. p53 has been shown to up-regulate PTEN expression as a transcriptional activator. However, clinical observations by immunohistochemistry studies indicate that significant increases in p53 protein levels coexist with reduced or absent expression of PTEN protein in a variety of neoplasias. In this study, we propose a mechanism that begins to explain how p53 can both up-regulate and down-regulate PTEN. We have found that PTEN protein is down-regulated under proteasome dysfunction induced by proteasome inhibitor MG132 in both human lymphoblast cells and MCF7 cells. The reduction of PTEN is coincident with elevated p53 protein levels and the association between PTEN and p53 but independent of its phosphatase activities. Quantitative reverse transcription-PCR indicates that proteasome inhibition does not reduce PTEN message levels but affects PTEN protein stability. The p53 inhibitor, pifithrin-A, is able to attenuate the effect of proteasome inhibition. Using ectopic expression studies in p53-null mouse embryonic fibroblasts and p53/PTEN-null PC3 cells, we show that PTEN is more stable in p53-null cells compared with p53-expressing cells. Inhibition of caspases, the downstream targets of p53, particularly caspase-3, can partially restore the stability of PTEN. This study provides the first evidence that p53 is able to down-regulate PTEN protein stability in stressed cells. Our study sheds some light on the mechanisms that regulate PTEN protein stability, which is important to fully elucidate to comprehend the broad neoplastic manifestations of Cowden syndrome/Bannayan-Riley-Ruvalcaba and sporadic cancers.
Introduction
Phosphatase and tensin homologue deleted on chromosome 10 (PTEN), located on chromosome 10q23, is one of the most commonly altered tumor suppressors in human cancers, perhaps second only to p53. Interestingly, whereas somatic intragenic PTEN mutations are uncommon in the great majority of primary noncultured sporadic solid tumors, with the exception of glioblastoma multiforme and endometrial cancer, reduced PTEN protein expression is common across solid tumors even in the absence of structural alterations (i.e., mutation; for review, see ref. 1) . Germline mutations in PTEN have been reported in f85% of cases of Cowden syndrome, an autosomal dominant disorder characterized by multiple harmatomas with an increased risk of breast, thyroid, and endometrial neoplasias (1, 2) . Interestingly, germline PTEN mutations have been found in 65% of cases of Bannayan-Riley-Ruvalcaba syndrome, a congenital developmental disorder characterized by mental retardation, lipomas, haemangiomas, and pigmentation of the penile shaft (3) . PTEN mutations span from the coding region to the intronic and untranslated regions (4) . However, in the presence of a germline PTEN mutation, the mechanism of complete PTEN protein shutoff in Cowden syndrome-related cancers is not known because 89% still possess the remaining wild-type allele (5) .
PTEN plays a pivotal role in cell migration, proliferation, and apoptosis; therefore, cellular PTEN levels have to be regulated tightly. Interestingly, PTEN deficiency observed by immunohistochemical staining in patient cells was found to be associated with elevated p53 protein levels in the early phase of carcinogenesis (6) (7) (8) . We have recently reported that PTEN protein is easily degraded in lymphoblast cells from Cowden syndrome patients possessing PTEN promoter mutations in the context of elevated p53 levels (9) . However, it remains unclear what is the relationship between p53 function and PTEN protein level.
Recent evidence suggest that the functions of PTEN and p53 are connected as p53 transcriptionally activates PTEN (10, 11) and PTEN stabilizes p53 (12) . Yet, it is difficult to understand why significant increases of p53 protein level correlate with no or reduced expression of PTEN protein in variety of cancers, particularly considering that p53 is known to up-regulate PTEN expression (6, 7) . By using both normal human lymphoblast cells and MCF7 breast cancer cells, we now show that p53 is able to down-regulate PTEN partially by activating caspases under stress induced by proteasome inhibition.
lipid phosphatase inactive protein phosphatase active mutant PTEN (G129E) were generated as described previously (13) . The MCF7 Tet-Off cell lines (BD Clontech, Palo Alto, CA), which contain a tetracyclinecontrolled cassette, were grown in DMEM high glucose supplemented with 10% FBS, 1% penicillin-streptomycin, 100 Ag/mL G418 (Invitrogen), and 2 Ag/mL tetracycline. Mouse embryonic fibroblast (MEF) wild-type and TP53À/À cells (kindly provided by Dr. Lawrence Kirschner, Ohio State University, Columbus, OH) were cultured in DMEM supplemented with 14% FBS (Hyclone, Logan, UT) and 1% penicillin-streptomycin.
PC3 cells or MEFs were cultured in six-well plate 24 hours before transient transfection. FuGene 6 (Roche Diagnostics, Indianapolis, IN) was used for transfection and cells were cotransfected with 0.5 Ag PTEN or p53 or both. After transient transfection for 48 hours, cells were treated as indicated.
Western blot analysis and immunoprecipitation. Cells were harvested and washed with PBS before protein extraction. Whole-cell extract was prepared by lysing the cells with M-PER Mammalian Protein Extraction Reagent (Pierce, Rockford, IL) supplemented with protease inhibitor cocktail (Sigma). Nuclear and cytoplasmic protein extracts were purified by NE-PER nuclear and cytoplasmic extraction reagents (Pierce) according to the manufacturer's protocols. Protein (10 Ag) from each sample was subjected to SDS-PAGE and transferred onto nitrocellulose. Target proteins were detected by Western blot analysis using anti-p53, Mdm2 (Santa Cruz Biotechnology, Santa Cruz, CA), PTEN (Cascade Biosciences, Winchester, MA), phosphorylated Mdm2, and p21, caspase-3, caspase-9, and cleaved poly(ADP-ribose) polymerase (PARP; Cell Signaling Technology, Beverly, MA) antibodies, respectively. Protein bands were quantified by densitometry using ImageQuant (GE, Piscataway, NJ).
For immunoprecipitation experiments, 500 Ag whole-cell lysates (cells treated with indicated concentration of either MG132 or DMSO for 4 hours at 37jC) were incubated with 1 AL p53 antibody or IgG only (Santa Cruz Biotechnology) plus 50 AL protein A agarose beads (Pierce) at 4jC overnight. Beads were washed thrice with PBS supplemented with protease inhibitor cocktail and 0.1% Triton X-100 and centrifuged for 5 minutes at 5,000 Â g between each wash. Protein was eluted from the beads with 40 AL of 2Â Laemmli sample buffer. Samples were resolved on a 10% SDS-PAGE gel and transferred onto nitrocellulose membrane. PTEN protein was detected using standard Western blotting procedure.
Semiquantitative reverse transcription-PCR and real-time PCR. MCF7 cells were released by trypsin treatment and subsequently washed thrice with PBS. RNA was extracted from the cells following the RNeasy Mini Protocol (Qiagen, Valencia, CA). A quantity of 1 Ag total RNA was reverse transcribed in a 50 AL reaction mixture containing 0.5 Ag oligo(dT) 15 as primer by SuperScript II reverse transcriptase (Invitrogen). The resultant cDNA was subjected to multiplex PCR using primers specific to PTEN (5 ¶-TCAAGAGGATGGATTCGACTT-3 ¶ and 5 ¶-TGAAGTACAGCTTCACCT-TAAA-3 ¶), TP53 (5 ¶-GGGATCCATGGAGGAGCCGCAGTCAGATCC-3 ¶ and 5 ¶-GGAATTCTCAGTCTGAGTCAGGCCC-3 ¶), and h-actin (Quantum RNA h-actin; Ambion, Austin, TX). Primers were allowed to anneal at 58jC for 30 seconds. The products from PCR were resolved on a 1% agarose gel.
Quantitative (real-time) PCR was carried out with the iCycler instrument (Bio-Rad, Hercules, CA) using the SYBR Green PCR Reagent kit (Bio-Rad). Gene-specific PCR primers are PTEN (5 ¶-TGGATTCAAAGCATAAAAACCA-3 ¶ and 5 ¶-AAAAGGATATTGTGCAACTCTGC-3 ¶) and TP53 (5 ¶-GGGATC-CATGGAGGAGCCGCAGTCAGATCC-3 ¶ and 5 ¶-CGGCAAGGGGGACA-GAACG-3 ¶). Expression levels of the PTEN/TP53 gene were normalized using glyceraldehyde-3-phosphate dehydrogenase (5 ¶-CCATCTTCCAG-GAGCGAGA-3 ¶ and 5 ¶-AAATGAGCCCCAGCCTTCT-3 ¶) to correct minor variations in mRNA extraction and reverse transcription.
Statistics. Statistical analysis was done using Student's t test. Data are mean F SD of three independent experiments. Each group was normalized to h-actin and compared with a control. P < 0.05 is considered significant.
Results
Proteasome inhibition reduces PTEN protein stability. We have reported previously that PTEN is less stable in lymphoblast cell lines derived from a subset of Cowden syndrome patients compared with normal (non-Cowden syndrome) human cells (9) . To investigate the mechanisms of reduced protein stability, we first examined the ubiquitin-mediated protein degradation pathway. Two proteasome inhibitors, MG115 and MG132, were incubated with lymphoblast cells for 12 hours. Unexpectedly, PTEN protein stability was not protected by proteasome inhibition; instead, PTEN protein levels decreased with exposure to either of the inhibitors (5.8 F 0.7-fold decrease after MG132 treatment compared with untreated cells, P = 0.0004, versus 2.5 F 0.2-fold decrease after MG115 treatment, P = 0.0013; Fig. 1A ). To evaluate if PTEN destabilization is proteasome dysfunction specific, we treated the normal lymphoblast cells with inhibitors of different protein degradation pathways. PTEN protein showed no change after treatment with a lysosome inhibitor, NH 4 Cl, or an inhibitor for trypsin-like proteases and cysteine proteases, leupeptin (Fig. 1A , lane 5, NH 4 Cl, P = 0.21, and lane 6, leupeptin, P = 0.17). The phosphatidylinositol 3-kinase (PI3K) inhibitor wortmannin also had no effect on PTEN stability, suggesting that this phenomenon is at least PTEN lipid phosphatase independent and PI3K independent (Fig. 1A , lane 7, P = 0.08). Surprisingly, cells incubated with mithramycin A, a transcriptional inhibitor, showed a dramatic PTEN protein reduction (Fig. 1A , lane 8, À11 F 1.5-fold, P = 0.0002). Furthermore, two apoptosis inducers, doxorubicin and calyculin A, cause a 1.3 F 0.1-and 5.7 F 1.1-fold PTEN protein reduction, respectively ( Fig. 1A , P = 0.024 and 0.0004, respectively). These results indicate that PTEN destabilization is not specific to proteasome dysfunction, as inhibitors of other cellular pathways can also induce a decrease in PTEN protein levels. Calyculin A, doxorubicin, and MG132 have been reported to induce cellular apoptosis (14, 15) , and mithramycin A is a strong activator of p53 (16) , suggesting that PTEN protein reduction might be related to either an apoptotic event and/or the increase of p53. Our previous study showed that p53 protein levels were elevated in some Cowden syndrome patients with increased PTEN degradation (9) . Based on these results, we next set out to examine the level of p53 protein in samples treated with the above inhibitors. We observed that MG132-, MG115-, or mithramycin A-treated samples with reduced PTEN always contained increased (f8-fold; P < 0.0001) levels of p53, whereas samples with intact PTEN showed no changes of p53 protein levels (Fig. 1A) .
To better understand the relationship between PTEN and p53 under cellular stress, we examined the time course of proteasome inhibitors on both PTEN and p53 protein levels. Consistent with the results in Fig. 1A , PTEN protein levels decreased in a timedependent manner when cells were exposed to either MG132 or Velcade when compared with untreated cells (Fig. 1B) . p53, known were quantitated by densitometry and normalized to h-actin. Results are fold change compared with nonstimulated cells. Columns, mean of three independent experiments; bars, SD. *, P = 0.0004, MG132 treated compared with untreated control; **, P = 0.21, no difference in PTEN levels after NH 4 Cl treatment compared with untreated controls; ***, P = 0.0002, mithramycin A-treated compared with untreated controls (Student's t test). B, either MG132 or Velcade exposure resulted in accumulation of p53 and reduction of PTEN protein. Normal human lymphoblast cells were treated with 25 Amol/L Velcade or 10 Amol/L MG132 for the indicated times. Protein levels of PTEN, p53, p21, and caspase-3 were detected by Western blotting. h-Actin served as loading control. C, both nuclear and cytoplasmic PTEN/ p53 proteins were affected by MG132. Normal human lymphoblast cells were treated with 10 Amol/L MG132 for 12 hours. Cytoplasmic (Cyto ) and nuclear (Nuc ) fractions were purified. Protein levels of PTEN, p53, Mdm2, and phosphorylated Mdm2 were detected in both fractions. h-Actin is served as loading control. *, P = 0.0059, cytoplasmic PTEN level after MG132 treatment compared with untreated cytoplasmic control; **, P = 0.0004, nuclear PTEN levels after MG132 treatment compared with untreated control nuclei. A to C, representative blots of three individual experiments. D, MG132 increases the transcription of PTEN while not affecting TP53 transcription. MCF7 cells were treated with 10 Amol/L MG132 for 4 hours. Semiquantitative PCR was done. PTEN-overexpressing MCF7 cells were used as a positive control of PTEN (top ). Quantitative RT-PCR was carried out to test the time course of MG132 effect on PTEN/TP53 transcription in MCF7 cells (bottom ). Columns, mean of three independent experiments; bars, SE. D, DMSO; M, MG132; P, sample from PTEN-expressing cells.
as a labile protein whose stability is regulated closely by the ubiquitin-mediated degradation pathway, gradually accumulated with extended incubation with both proteasome inhibitors (Fig. 1B) , consistent with previous reports (17) . MG132 was reported to increase p53 activity (17) ; therefore, we examined the downstream targets of p53, p21, and caspase-3 under MG132 treatment. Both proteins showed increased levels after proteasome inhibitor treatment in lymphoblast cells (Fig. 1B) as expected.
Protein redistribution between cytoplasmic and nuclear fractions is one regulatory mechanism for protein stability in a variety of proteins, including p53. We know that PTEN protein is localized to both fractions; furthermore, the subcellular localization of PTEN correlates with its distinct lipid and protein phosphatase functions (18) . Based on this, we next examined if the reduction of PTEN protein due to proteasome inhibitor exposure was related to changes in PTEN nuclear-cytoplasmic shuttling. We found that PTEN levels were reduced in both nuclear (À7.4 F 2.1-fold; P = 0.0004) and cytoplasmic (À1.8 F 0.1-fold; P = 0.0059) fractions of normal lymphoblast cells under induced proteasome dysfunction (Fig. 1C) . We next checked if the stabilization of p53 occurred in the cytoplasmic fraction, where p53 is degraded through the ubiquitination pathway. To our surprise, p53 protein levels were increased in both cytoplasmic (3-fold; P < 0.0001) and nuclear (6.5-fold; P < 0.0001) fractions after MG132 treatment (Fig. 1C) . The protein levels of Mdm2 or phosphorylated Mdm2, the major regulators of p53 protein stability, did not change in the presence of proteasome inhibitor (Fig. 1C) , suggesting the existence of an alternative pathway to monitor intracellular p53 levels in human lymphoblast cells.
Based on the above results, we next sought to determine if proteasome inhibitor treatment affects either the transcription or the protein stability of PTEN and/or p53 using a breast cancer cell line, MCF7, in which MG132 treatment is associated with decreased protein levels of PTEN in the presence of increased protein levels of p53 (data not shown). MCF7 cells were treated with 10 Amol/L MG132 (Fig. 1D, M) and transcripts of both TP53 and PTEN were examined by both semiquantitative reverse transcription-PCR (RT-PCR; 4 hours of treatment, Fig. 1D , top) and quantitative RT-PCR (with a time course of 0, 4, 8 and 24 hours of treatment, Fig. 1D, bottom) . MCF7 cells, overexpressing PTEN, were used as a positive control for PTEN transcription ( Fig. 1D, P) and DMSO (Fig. 1D, D) was used as a vehicle control. We found that there was no increase in TP53 transcript levels after MG132 incubation (Fig. 1D) , suggesting that MG132 regulates p53 protein stability but does not do so by increasing TP53 transcription. Interestingly, in the presence of MG132, we found that PTEN transcripts were increased, not decreased, as seen with PTEN protein (Fig. 1D ). p53 is a transcriptional activator of PTEN expression; therefore, one would expect that increased p53 levels would result in the increased PTEN message. The seemingly paradoxical observations indicate that proteasome inhibitor treatment reduces protein stability, not transcription, of PTEN.
Increased p53 protein levels are responsible for PTEN protein degradation and facilitate the interaction between PTEN and p53. Our above data suggested that there is an inverse correlation between PTEN and p53 protein levels. In other words, the higher the p53 protein level, the lower the level of PTEN protein. Therefore, we next determined if p53 plays a direct role in regulating the stability of PTEN protein. MCF7 cells with inducible PTEN overexpression (PTEN overexpression in the absence of tetracycline) were treated with pifithrin-a, a p53 inhibitor, in combination with MG132. Exposure to pifithrin-a alone can reduce intracellular p53 protein levels (À2.0 F 0.2, P = 0.0036; Fig. 2A) . Similarly, as in lymphoblast cells, MG132 induced a 9.0 F 0.3-fold increase of p53 in MCF7 cells (P < 0.0001). In contrast, cells incubated with the combined MG132 and pifithrin-a induced only a 2.3 F 0.4-fold increase of p53 (versus 9.0 F 0.3-fold of MG132 treatment alone; P = 0.0022; Fig. 2A ). We found that pifithrin-a exposure attenuated the effect of MG132 on PTEN protein stability. In cells treated with MG132, there was a 3.1 F 0.3-fold (P = 0.0015) reduction in PTEN protein compared with untreated cells. When pifithrin-a was added to MG132, there was a 1.4 F 0.2-fold (versus 3.1 F 0.3-fold decrease with MG132 alone; P = 0.0076) reduction of PTEN protein compared with untreated cells (Fig. 2A) . Taken together, these data show that PTEN protein levels are directly regulated by intracellular p53 (i.e., p53 down-regulates PTEN protein stability).
As reported earlier, PTEN can physically interact with p53 (19) , and exposure to proteasome inhibitor stabilizes p53 (17) . In addition, we have recently reported that MG132 stabilizes the interaction between PTEN and p53 in a subset of Cowden syndrome patient cells yet possesses less stable PTEN protein (9) . This suggests that the formation of a PTEN-p53 complex may interfere with PTEN protein stability. Here, we try to elucidate if the status of their association correlates with the observed reduction of PTEN protein in human lymphoblast cells. Cells were incubated with increasing concentrations of MG132, as indicated, for 4 hours at 37jC and subjected to coimmunoprecipitation. The protein levels of PTEN and p53 were detected by Western blotting and quantitated (Fig. 2B) . We found that MG132 exposure gradually increased the association between PTEN and p53 in a dose-dependent manner, with maximal association occurring at 10 Amol/L (6.4 F 0.5-fold increase compared with control, P < 0.0001; Fig. 2B ). However, when cells were exposed to a higher MG132 concentration (20 Amol/L), the PTEN-p53 association began to be attenuated (only 1.4 F 0.2-fold increase compared with control, P = 0.031, versus to 6.4 F 0.5-fold at 10 Amol/L; Fig. 2B ). The response of PTEN protein degradation to MG132 exposure is also dose dependent (Fig. 2) . Interestingly, the extent of the disappearance of PTEN correlated with the strength of the association between PTEN and p53 when MG132 ranged from 1 to 10 Amol/L. However, although p53 levels peaked at 20 Amol/L, the association between PTEN and p53 already started to decrease at 20 Amol/L (Fig. 2B) . These findings suggest that the association between PTEN and p53 is a regulated process and not simply due to the level of involved proteins.
p53-dependent PTEN degradation does not require PTEN protein and lipid phosphatase activities. The dual-phosphatase activities, especially lipid phosphatase activity, are critical for PTEN tumor suppressor function (20) . Based on this, we examine if PTEN phosphatase activities are involved in its p53-regulated protein stability. We used two cell lines with inducible expression of PTEN phosphatase-inactivated mutants, C124S (both protein and lipid phosphatase inactive) and G129E (lipid phosphatase inactive, protein phosphatase active; ref. 13) , together with wild-type PTEN and control cells (vector only). All the cells were induced to express exogenous genes by tetracycline removal for 48 hours before proteasome inhibitor treatment. In all cell lines, including both control cells and PTEN-overexpressing cells (wild-type and mutant), PTEN levels were reduced after treatment with either proteasome inhibitor (10 Amol/L MG132 and 25 Amol/L Velcade) to a similar extent (1.9-to 2.7-fold for all four cells and for either of the proteasome inhibitors; Fig. 3 ). Our data indicate that both phosphatase activities of PTEN are not required for p53-dependent PTEN protein degradation. For all cells, the changes of p53 protein levels were almost identical (Fig. 3) . Considering the important role of Mdm2 in regulating p53 protein levels inside the cell, we examined Mdm2 (total and phosphorylated) protein levels. We found that there was no change of total Mdm2 under either condition; however, the level of p-Mdm2 was increased with proteasome inhibitor treatment, mirroring the increased levels of p53 (Fig. 3) . This change is different from what we saw in control human lymphoblast cells, where proteasome inhibitors had no effect on the level of p-Mdm2. The discrepancy may indicate that proteasome inhibitors regulate the protein stability of p53 through cell type-specific pathways.
PTEN is more stable in cells lacking p53. To consolidate our evidence for the involvement of p53 in the regulation of PTEN protein stability, we used p53À/À MEFs, and wild-type MEFs as control. Both cells were treated with MG132 (10 Amol/L for 24 hours) and PTEN and p53 protein levels were detected by Western blotting. p53 protein levels were increased 3.6 F 0.6-fold (P = 0.0001) after MG132 treatment in MEFs when compared with untreated cells (Fig. 4A) , similar to that observed in MCF7 cells and human lymphoblast cells. Although PTEN protein levels were reduced in both p53 wild-type and p53-null MEFs, PTEN was reduced to a greater extent in cells expressing p53 (i.e., in wildtype MEF; À2.0 F 0.3, P = 0.0029; Fig. 4A , lane 2) than that in p53-null cells (À1.1 F 0.2, P = 0.018; Fig. 4A, lane 4) . This supports our previous finding that p53 destabilizes PTEN. PTEN protein stability was further examined by treatment with cyclohexamide. Both p53 wild-type and p53-null MEFs were incubated with 50 Amol/L cyclohexamide for 24 hours before addition of MG132 with the indicated concentrations for another 4 hours. We found that after cyclohexamide treatment the level of PTEN protein in wild-type MEFs (Fig. 4B, lane 4) was reduced (À15 F 5.0-fold decreased compared with untreated cells; P < 0.0001) 6-fold more than that in p53-null MEFs (À2.5 F 0.3, P = 0.0005; Fig.  4B, lane 10) . This further confirms that PTEN protein is more stable in cells that do not express p53. We also noticed that MG132 lost its p53 elevating effects when cyclohexamide was present and at the same time lost the ability to further reduce PTEN (Fig. 4B, lanes 4-6) . These results show that increased p53 protein is the key molecule modulating PTEN protein when cells are treated with proteasome inhibitor.
To determine whether the p53 effect on PTEN protein stability is caused by the presence of p53 or the increase of p53 levels induced by cellular stress, we introduced p53 back into the p53-null MEFs. We did not see PTEN protein change after we exogenously expressed p53 in p53-null cells (Fig. 5A, lanes 1 and 4) . However, when cells were treated with combined MG132 and cyclohexamide, PTEN protein in p53-transfected cells (labeled as p53À/À + p53 MEFs) was found to decrease by À12.7 F 3.1-fold (P < 0.0001; Fig. 5A, lane 6) , which is a much greater reduction than the 2.2-fold noted in parental p53-null MEFs (Fig. 5A, lane 3) . Our data indicate that it is the increase in p53 protein after stress Figure 2 . Increased p53 is responsible for PTEN protein degradation and facilitates the association between PTEN and p53. A, chemical inhibitor of p53, pifithrin-a, can attenuate the effect of MG132 on PTEN stability. MCF7 cells expressing wild-type PTEN were growing in medium with or without tetracycline (Tet) for 48 hours. Cells were treated with the indicated chemicals for an additional 24 hours at 37jC. Protein levels of PTEN, p53, and h-actin were detected in 10 Ag total extracts. B, proteasome inhibitor MG132 facilitates the association between PTEN and p53. Normal human lymphoblast cells were treated with MG132 at the indicated concentration for 4 hours. Total extracts were prepared and coimmunoprecipitation was done. Protein levels of PTEN were detected in 10 Ag total extracts or the precipitated elutes. p53 was detected in total extracts. A and B, representative blots of three individual experiments. Relative levels of PTEN and p53 were quantitated and normalized. Results are fold change compared with control. Columns, mean of three independent experiments; bars, SD. *, P = 0.0015, difference in PTEN levels after MG132 treatment alone compared with untreated controls; **, P = 0.0076, difference in PTEN levels after combined MG132 and pifithrin-a treatment compared with untreated controls (Student's t test). induction, such as proteasome inhibition, which directly results in PTEN degradation. Similar to endogenous p53, the exogenously expressed p53 was also able to accumulate (manifested as a 3-fold increase) after MG132 incubation (Fig. 5A) .
We then examined if exogenous p53 had a similar ability as endogenous p53 to destabilize PTEN protein. Toward this end, p53 was introduced into MEFs 2 days before the MG132 (10 Amol/L) treatment with indicated time. The untransfected MEF p53-null and wild-type MEFs were used as controls for these experiments. Similar to the results shown in Figs. 4B and 5A, p53-null MEFs showed the most PTEN protein remaining after MG132 incubation for 24 hours (À1.5 F 0.1-fold; P = 0.006; Fig. 5B, lane 3) . To our surprise, although we introduced higher levels of p53 back into p53-null MEFs (labeled as p53À/À MEF + p53 cells) and the exogenously expressed p53 showed dramatic increases (14-fold) after 24-hour MG132 treatment, PTEN protein in these cells only decreased by 2.6 F 0.2-fold compared with controls (P = 0.0005; Fig. 5B, lane 9) . In contrast, PTEN in wild-type MEFs decreased by 6.45 F 1.5-fold (P = 0.0002; Fig. 5B , lane 6) when p53 levels increased 8-fold. These results suggest that although exogenous p53 can affect PTEN stability, the degradation of PTEN under induced stress is triggered by a complicated pathway, including but not limited to p53.
To further elucidate the effect of p53 on PTEN protein stability, we used an unambiguous exogenous expressing system and protein half-time study. PTEN, or p53, or both were introduced into PC3 cells, which is a PTEN and TP53 double-null cell line. Consistent with previous findings, the presence of p53 alone did not affect PTEN (9) . However, in the presence of cyclohexamide, PTEN protein was found to be more stable (half-life, f20 hours) when expressed alone than coexpressed with p53 (half-life, f12 hours; Figure 3 . PTEN protein reduction induced by proteasome dysfunction does not require its phosphatase activities. MCF7 cells expressing wild-type PTEN, PTEN-C124S (both lipid and protein phosphatase inactivated) or PTEN-G129E (protein phosphatase inactivated) mutants, or vector only (as control) were incubated in medium with or without tetracycline for 48 hours. All the cells were treated equally with indicated chemicals for an additional 24 hours. Protein levels of PTEN, p53, phosphorylated Mdm2, Mdm2, and h-actin were detected. Representative blots of three separate experiments. Results are fold change compared with control. Relative levels of PTEN and p53 were quantitated and normalized. Results are fold change compared with control. Columns, mean of three independent experiments; bars, SD. A, *, P = 0.0029, difference in PTEN protein levels after MG132 treatment compared with no treatment in wild-type MEFs; **, P = 0.0018, difference in PTEN protein levels after MG132 treatment compared with no treatment in p53À/À MEFs (Student's t test) . B, *, P < 0.0001, difference in PTEN protein levels after cyclohexamide treatment compared with no treatment in wild-type MEFs; **, P = 0.0005, difference in PTEN protein levels after cyclohexamide treatment compared with no treatment in p53À/À MEFs (Student's t test). P = 0.001; Fig. 5C ). These results clearly indicate that p53 has a negative effect on PTEN protein stability.
PTEN protein is partially degraded by caspases. Although the ubiquitin-mediated proteasome pathway is the major degradation pathway for most proteins, degradation of PTEN must occur through alternative pathways under proteasome inhibition. In examining the degradation pattern of PTEN in a group of Cowden syndrome patients, we noticed that the pattern was similar to that Figure 5 . Exogenously introduced p53 destabilizes PTEN protein but at a lesser extent compared with the endogenous counterpart. p53 expression plasmid or empty vector was transfected into p53À/À MEFs for 2 days as described in Materials and Methods. Transfected cells together with control cells (MEF p53 À/À and wild-type) were treated with 50 Amol/L cyclohexamide for an additional 8 hours after incubation with MG132 for 24 hours (A) or treatment only with MG132 at the indicated times (B). PTEN and p53 levels were detected by Western blotting. A and B, representative blots of three individual experiments. Relative levels of PTEN and p53 were quantitated and normalized. Results are fold change compared with control. Columns, mean of three independent experiments; bars, SD. A, *, P = 0.0007, PTEN protein levels after MG132 combined with cyclohexamide treatment compared with no treatment in p53À/À MEFs; **, P < 0.0001, PTEN protein levels after MG132 combined with cyclohexamide treatment compared with no treatment in p53À/À + p53 MEFs (Student's t test). B, *, P = 0.0065, PTEN protein levels after MG132 treatment alone compared with no treatment in p53À/À MEFs; **, P = 0.0002, PTEN protein levels after MG132 treatment alone compared with no treatment in wild-type MEFs; ***, P = 0.0005, PTEN protein level after MG132 treatment alone compared with no treatment in p53À/À + p53 MEFs (Student's t test). C, p53 reduces PTEN protein stability in ectopic expression system. PC3 cells were transfected with PTEN with or without TP53 for 48 hours. Transfected cells were treated with 50 Amol/L cyclohexamide for the indicated hours at 37jC. PTEN protein levels were examined by Western blotting. Numbers, percentage of remaining PTEN. Points, PTEN half-lives. reported for caspase-3-mediated protein digestion (21) . 7 Therefore, we sought to determine if caspase-3 is involved in the degradation of PTEN in our system. We combined the MG132 treatment with the presence/absence of inhibitors for caspases (general caspase inhibitor, caspase-3-or caspase-9-specific inhibitors). PTEN protein showed no change when incubated with caspase inhibitors alone (Fig. 6A) . However, caspase inhibitors only partially recovered PTEN protein stability after MG132 incubation (Fig. 6A) . The general inhibition of caspases showed the maximal recovery of PTEN protein stability, whereas the caspase-9 inhibitor showed the minimal effect. Although the levels of active forms of caspase-3 (17 and 19 kDa) were correlated with p53 protein levels, both were inversely correlated with PTEN protein level (Fig. 6A) . The activity of caspase-3 was further confirmed by the readout target protein, cleaved PARP (Fig. 6A) . However, the activation of caspase-9 showed no direct correlation with PTEN protein stability (Fig. 6A) . These data suggest that caspases, including but not limited to caspase-3, are involved in PTEN degradation under proteasome dysfunction.
Discussion
There has been intense investigation on the ability of PTEN to stabilize p53 protein through a variety of pathways, including AKT and Mdm2 (9, 12, 21) . p53 activates PTEN gene expression, which explains a decreased PTEN expression in p53-null MEFs as seen by Wang et al. (22) and in 293 cells by Chappell et al. (23) under stress induced by serum deprivation. However, it is difficult to understand why in vivo when p53 is significantly increased we do not see the corresponding PTEN protein increase, which would be expected based on the transcriptional regulation of PTEN of p53 (6, 24, 25) . One possible explanation is that the increased p53 protein noted on immunohistochemistry reflects increased p53 stability (hence increased immunostaining) in the context of TP53 mutations. Yet, it is possible that this stable, mutant p53 can still complex with PTEN protein leading to the degradation of the latter. This may help explain why in most these primary human cancers PTEN protein levels actually go down in the early stage of carcinogenesis. All in all, the many seemingly paradoxical observations involving PTEN and p53 suggest that the interplay between p53 and PTEN is complicated and that p53 can negatively regulate PTEN at the protein level in a manner and complexity that is beyond the positive role of p53 in PTEN transcriptional activation. In this study, we found that lower PTEN protein levels are paradoxically correlated with higher levels of p53 under different induced cell stresses. By using p53À/À MEF and double PTENÀ/À, TP53À/À PC3 cells as well as an ectopic expression system, we are able to conclude that the stabilization and activation of p53 by proteasome inhibition leads to downregulation of PTEN protein. We have shown that p53 functions as a negative regulator of PTEN protein stability in both Mdm2-dependent and Mdm2-independent pathways for both cancer cell lines and normal human cells. We also provide evidence that the effect is directly connected with p53, and specifically, it is the increase of p53 protein that results in PTEN protein degradation. Therefore, intracellular PTEN protein levels are a result of the fine balance between p53-activated PTEN transcription and p53-promoted PTEN degradation.
It is not surprising to find that the phosphatase activities are not involved in stress-induced PTEN degradation (Figs. 1A and 3 ) because PTEN protein stability is mainly regulated at COOHterminal domains (two PEST domains and several caspase recognition sites; refs. 26, 27) . However, we do have evidence that PTEN enzymatic activities may regulate its degradation in certain instances. 8 Further elucidation is required to fully understand the role of the association between PTEN and p53 in the PTEN degradation process as well. Binding of p53 to PTEN may alter the spatial structure of PTEN for degradation (28) . Alternatively, the PTEN-p53 complex may bring in enzymes, such as caspases, to facilitate the digestion of PTEN, which is very different from its role to protect p53 from Mdm2-mediated degradation (12) . Combined effect of PTEN and p53 implicates the checkpoint of tumorigenesis in which cells survive with only one tumor suppressor inactivation; however, combined lose of both PTEN and p53 elicits evasive cancer phenotype. This may explain why lost of PTEN and elevated p53 were observed in early-stage cancer cases in which cells still struggle to survive.
We have shown the correlation of decreased PTEN levels with increased p53 levels has been confirmed in three different cell types (human lymphoblast cells, cancer cell lines MCF7 and PC3, and MEFs) and in both the cytoplasm and the nucleus, indicating that regulation of PTEN stability by p53 is a general pathway. Elevated p53 functions to trigger downstream targets, such as caspases (reviewed in ref. 29) . The onset of degradation of PTEN has a relatively long delay (>8 hours) under stress induced by proteasome dysfunction (Fig. 1B) , a phenomenon favoring caspase involvement (30, 31) . However, PTEN protein is continually degraded despite MG132 treatment in TP53-null MEFs (Figs. 4 and 5 ). In addition, the reintroduced p53 destabilizes PTEN to a lesser extent compared with endogenous p53 (Fig. 5B) . These findings together indicate that p53, despite being a key negative regulator of PTEN stability, may not be the exclusive effector in the increasingly complex degradation process of PTEN.
The precise underlying mechanisms of regulation of PTEN protein stability remain unclear. It is unlikely that the reduction of PTEN stability is through ubiquitin-mediated protein degradation because we cannot detect an increase of overall ubiquitinated PTEN after induced stress (data not shown). Furthermore, when cells were treated with proteasome inhibitors, including MG132, MG115, or Velcade, PTEN protein levels actually decreased by f6-fold (Fig. 1A, lane 3) . Similar phenomena have been reported with other genes, such as E2F1 (32, 33) . Previously, Torres et al. linked PTEN stability to proteasome-mediated degradation by using the MG132 inhibitor (27) . In our hands, we see the opposite results. The discrepancy could be due to the high concentration (50 Amol/L) of MG132 used in their studies. Concentrations this high may promote the transcriptional activation of heat shock genes and then prevent apoptotic cell death by binding to and inactivating caspase-3 and caspase-9 (34). Here, we provide evidence that caspases, especially caspase-3, may be one of the executors of PTEN digestion and hence PTEN destabilization, which would stand to reason that the inactivation of caspase-3 would result in an increase in PTEN. However, this does not exclude the involvement of other enzymes given our observations that the inhibition of caspases can only partially rescue PTEN degradation induced by proteasome dysfunction (Fig. 6A) . Although our studies suggest that apoptosis may play a role in the degradation of PTEN, we cannot definitively link PTEN degradation to the apoptosis pathway per se because mithramycin A, which possesses antiapoptotic effects, causes a decrease in PTEN levels.
Taken together, we propose a model (Fig. 6B) that, under cellular stress, increased p53 down-regulates PTEN protein stability by activating caspases, although p53 is a transcriptional activator for PTEN expression. Although the PTEN-p53 complex protects p53 from degradation, the association may also facilitate PTEN degradation, thus setting up a finely balanced feedback loop. Our studies provide clues to better understand the regulatory mechanisms of PTEN protein stability and the mutual effect between two important tumor suppressors, PTEN and p53, involved in multiple neoplasias.
